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I- 1 
ABSTRACT CONCLUSIONS AND RECOMMENDATIONS 
The objective of  this research e f for t  i s  to construct an apparatus 
which will permit us to study the performance of separators and membranes 
from a m i n i m u m  number of basic characterization measurements. To achieve 
this aim, instrumentation has been developed w i t h  which transport of 
s a l t ,  ions and water across membranes can be determined accurately and 
unambiguously w i t h  differences i n  concentration, e lectr ical  potential and 
pressure as d r i v i n g  forces, together w i t h  the measurement of membrane 
potential and streaming potential. Construction, assembly and testing 
o f  the apparatus was finished dur ing  the f irst  contract year. 
A ser ies  of transport experiments was completed t o  evaluate the 
measurement system and to  obtain approximate transport properties for  
the membrane used. 
migration-electroosmosis experiments i n  a system w i t h  different con- 
centrations of the sol utions bounding the membrane , were performed in 
the second year, 
Accurate dialysis-osmosis experiments, and electro- 
The results, described i n  detai 1 i n  the body of  this report, show 
that  we indeed achieved s t r i c t  l inear i ty  of transport w i t h  time. Diffu- 
sional and electrical  transport through the AMP C-103 membrane seem to  
be additive b u t  further verification is necessary. 
of s a l t  diffusion and osmotic transport on the pre-treatment o f  the 
membrane was found. Previous direct-current passage and stretching 
o f  the membrane under pressure seem to a1 t e r  the transport properties 
even though  the used pressure differences were low and the stretching 
A strong dependence 
appeared t o  be reversible. Where comparison of 
"American Machinery and Foundary Go e , Stamford 
i v  
our results w i t h  data 
Connecticut 
reported i n  the l i t e ra ture  is  possible,agreement was found to be reason- 
ab1 e.  
During the second contract year some important improvements i n  
the measurement system were made, including a sealless gear-pump i n  the 
demineralizing system, and solid s t a t e  relays i n  both feedback systems. 
The problem of small volume losses from each half-cell was solved 
sat isfactor i ly .  After incorporation of these improvements the perfor- 
mance of the system w i t h  respect t o  concentration and temperature 
constancy was found t o  sa t i s fy  the originally intended requirements. 
The experience obtained from these experiments leads to the follow- 
i n g  recommendations: 
1 )  Now that  the apparatus i s  improved and sa t i s f i e s  the speci- 
f ications originally aimed a t ,  the systematic series of trans- 
port  experiments now in progress should be continued, i n  order 
to  reap the harvest o f  the e f for t  invested i n  the development 
of the "concentration clamp" method. 
In these experiments a l l  membranes should be subjected to a 
standard pre-treatment procedure. 
i ncl ude several cycles of re-equi 1 i bration and several periods 
of direct-current passage. Pressure experiments should be 
performed a f t e r  a l l  other experiments have been completed. 
2) 
T h i s  procedure should 
3)  Additivity of diffusional and electrical  s a l t  and water trans- 
port should be checked by performing el  ectromigration- 
electroosmosis experiments f i r s t  w i t h  the positive current i n  
the direction of the s a l t  transport by diffusion, and then 
w i t h  the positive current i n  a direction opposite to the s a l t  
transport by diffusion. The same should be done for  pressure 
permeation e 
v 
I .  I MTRODUCTION 
This i s  the eighth quarterly report of a research program designed 
to (a)  construct one apparatus i n  which transport of s a l t ,  ions and water 
across membranes can be determined w i t h  differences in concentration, 
e lec t r ic  potential and pressure as d r i v i n g  forces, together w i t h  the 
measurement o f  membrane and streaming potential, and ( b )  perform a variety 
of transport measurements i n  i t  t o  determine the range i n  which l inear 
relationships between fluxes and forces exist. 
study the performance of separators and membranes from a min imum number 
of basic characterization-measurements. The experimental system has 
been described i n  the f i r s t  annual report (November, 1968). Minor 
alterations i n  th i s  system have been reported i n  the f i f t h  (February, 1969), 
s i x t h  (May, 1969) and seventh (August, 1969) quarterly reports. 
the project has been i n  progress for two years, this report also serves 
as an annual sumary of the progress i n  the whole second year, November 9 ,  
1968 - November 9, 1969, over and above describing the progress i n  the 
eighth quarter. 
T h i s  will permit us t o  
Since 
11. THEORETICAL CONSIDERATIONS 
The fo l l  owing theoretical considerations and 1 i terature review 
formed part  of a lecture presented t o  the symposium: "The Limits o f  
Industrial Separations" o f  the Industrial and Engi eering Chemistry 
Section of the American Chemical Society Meeting i n  New York, September 
10, 1969, by Jan C. T. Kwak, D. Allen Zelmans J .  Le bovitz and K. S. 
Spi egl er. 
1 
Li s t of Symbol s 
a 
C 
C 
- 
f i  j 
i 
I 
J 
L~~ 
l i  j 
Li j 
LP 
P 
R 
T 
U 
V 
X 
2 
A 
E 
- 
j 
j 
Gj 
v i  
v; 
w 
act ivi ty ,  mole cmm3 
concentration i n  the solution, mole cmm3 
concentration i n  the membrane, mole cm-3 
fr ic t ion coefficient, defined by Eq .  (7) ,  joule sec mole-' cm" 
e lec t r ic  current density, amp cm -2 
e lec t r ic  current amp 
molar flux, positive from l e f t  to  right,  mole cm-' sec-' 
conductance coefficient defined by Eq.  (4c), . joule sec cm 2 equ -2 
conductance coefficient defined by Eq.  (1 ) mole 2 cm" sec-' joule-' 
conductance coefficient defined by Eq .  (3) o r  ( 4 ) ,  mole 2 cm-' sec-' 
joul e-l 
cm 4 joul e-l sec-' hydraul i c permeabi 1 i ty  
pressure, joule 
gas constant, 8.3170 joule ( O K ) - '  mole-' 
(dekabar i .e.  units of 10 bar or 9.87 atm) 
absol Ute temperature, O K  
l inear velocity, cm sec-l 
partial molar volume of species j , cm mole-' 
1 ength coordinate, cm 
valency number, positive for  cations, negative for  anions 
difference, right, minus  l e f t  
electrical  potential, volt (= joule coul-"1 
total  chemical potential of species j ,  joule mole-' 
3 
standard chemical potential of species j , joule mole-' 
concentration-dependent part of the chemical potential of species j 
RT I n  a joule mole-' 
sol Ute permeabi 1 i t y  coefficient mol e cm joul e-l sec" 
j' 
2 
osmotic pressure, joule 
reflection coefficient 
reduced fr ic t ion coefficient, Cij-fij/cj, joule sec cm mole-* 
Faraday's constant, 0.9650 coul equ-' 
si j 
3 
Subscripts m, s and w stand for membrane, solute and water respectively. 
3 
The increasing use of membranes for  separating solutes and solvents i n  
industrial processes and medical practice has created a need for accurate 
and unambiguous measurements of the transport properties of membrane- 
solution systems. 
transport experiment fo r  each possible combination of d r i v i n g  forces. 
Characterization procedures based on a minimum number o f  measurements are 
necessary for the description of the transport properties of membranes and 
separators and for performance predictions. 
Obviously i t  would not be practical t o  perform a separate 
For an isothermal system consisting of two aqueous solutions of a 
solute, s ,  separated by a membrane, m, the following processes can take 
place when a concentration difference, Acs, a pressure difference, Ap, or 
( i n  case of an ionic solute) a current, I ,  is applied. 
W i t h  a concentration difference as d r i v i n g  force , the transport of 
solute, th rough  the membrane is  called soZute diffusion or  diaZysis ,  the 
transport o f  solvent, osmosis. If  the solute is  an electrolyte ,  the elec- 
t r i c  potential difference between the two solutions i s  the membrane poten- 
tiaZ. 
The solution emerging on the low pressure side i s  often less  concen- 
trated than on the h i g h  pressure side. 
trat ion or reverse osmosis. The e l ec t r i c  potential difference, caused by 
the pressure difference , is  called streaming potentiaZ. 
por t  caused by an e l ec t r i c  current passed through the membrane is  called 
eteetromigration and the fraction of the current carried by ion j the 
transport number of j. 
brane caused by the e l ec t r i c  current is called eZeetroosmosis and the number 
of moles of solvent transported per Faraday of current passed i s  the m t e r  
When pressure i s  applied to  one solution, hydrauzic fZow takes place. 
T h i s  phenomenon is  called hyperfiZ- 
The ionic trans- 
The concomitant solvent transport across the mem- 
4 
transport nwnber. 
deri vat ive d i  /d@. 
Finally, the e lec t r ic  conductivity is  defined by the 
In the l a s t  analysis a l l  these phenomena depend on the ease of migra- 
tion of solute and solvent ions or  molecules through the membrane; they are 
therefore related t o  each other. These relations follow directly from 
macroscopic theory, based on the thermodynamics of irreversible processes. 
Measurements of one or more of the transport properties mentioned above 
for  ionic or neutral membranes i n  contact w i t h  aqueous solutions of various 
single s a l t s  and s a l t  mixtures, or w i t h  solutions of organic compounds 
(e.g. urea or glucose), have been reported i n  a large number of papers. 
Reviews of this work and of existing theories have been given by Helfferich (1 1 , 
Friedlander and Rick7es(2! Lak~hrninarayanaiah'~! Shaffer and Mintz (4 1 ,
Johnson, Dresner and K r a ~ s ( ~ !  Merten(6! and me are^(^! Staverman(8) f i r s t  
applied non-equilibrium thermodynamics to  membrane transport processes. 
theory assumes that  the f l u x  of a species i, J i ,  is proportional to  a l inear 
combination of the d r i v i n g  forces acting on a l l  species j .  
T h i s  
For a uniform 
temperature process : 
- J i  - J X l i j  (-grad cj) 
The l i j  a re  conductance coefficients and fi. the total  chemical potential of J 
(2)  j = 1-19 + i .  p + z z .  E + RT I n  a 
- 
lljo is the chemical potential of j i n  the standard s t a t e ,  i .  is  the partia 
molar volume and z .  the valency {positive for  cations, negative fo r  anions, 
zero for  water) of species j .  
potential and logarithm of the ac t iv i ty  of j respectively, a t  a given point. 
9 J J J 
J 
J 
p ,  E and 'in a .  are the pressure, e lec t r ic  
J 
j :  
5 
R is  the gas constant, T the temperature and 3 Faraday's constant. 
Equations of type (1)  describe the transport properties o f  many sys- 
tems a t  a given temperature and a l l  transport parameters mentioned 
above can be expressed i n  terms of the conductance coefficients, l i j .  
In a membrane system containing n 
ductance coefficients. Onsager I s  
hence only ( n  + 1 )  coefficients 
2 mobile species there are n possible con- 
reciprocity relation s ta tes  tha t  l i  
are  independent. 
= 1 j i  ; 
The u t i l i t y  of any set o f  
transport coefficients for  the prediction of flows under different forces 
depends on the independence of these coefficients on the forces, Classical 
linear laws e.g. fbhfrausch's law of  ion migration i n  electrolyte solutions 
and d'Arcy's permeability law indicate that for  many materials the conduc- 
tance coefficients are often more or less  independent of the applied e lec t r ic  
f ie ld  or pressure respectively. 
found t o  be dependent on concentration(9y10! When transport measurements 
However, i n  aqueous solutions they are  
can be performed a t  one p o i n t  i n  which the gradient of the act ivi ty  i s  known, 
or when suitable derivatives of transport properties w i t h  respect to  concen- 
tration can be taken, this concentration dependence may easily be evaluated. 
However, i n  membrane systems we measure flows from one side of the membrane 
to the other, and equations (1) are necessarily integrated across the concen- 
tration profile i n  the membrane. T h i s  integration can be performed when 
steady-state conditions prevail. A new s e t  of conductance coefficients L i  
i s  obtained: 
* c- 
* 
where A Q. i s  the difference ( r i g h t  minus  l e f t )  
between the two solutions bounding the membrane e 
Some authors ( 13914)use the opposite s igg  for  A. We prefer t o  have the same 
s i g n  for  A and the gradient, Ay= ' j r l g h t  dye 
A "bounding" solution is a solution i n  contact and i n  equilibrium w i t h  a 
membrane surface. 
i n  total  chemical potential 
Flows from l e f t  to r i g h t  
** J 
* 
** l e f t  
6 
I 
are counted positive. 
for  the new coefficients L.. .  
and one ionic o r  neutral solute, s ,  equations (3)  can be transformed t o  a 
Kirkwood [11) showed tha t  reciprocity i s  maintained 
For solut ions consisting of one solvent, w ,  
Kl 
s e t  o f  equations containing conductance coefficients which are easi ly  cal- 
(12) cul ated from the experimental resul ts  o f  characterization measurements : 
- s m  = +LEV ( A 4  + VwAp) + LES (AvE + VsAp) + L EE * i& (4c 1 
In these equations G = R T  I n  aw and vE=RT I n  as" 
t i a l  difference measured between two anion-reversible electrodes a t  each side 
of the membrane, corrected for  a small pressure dependence [for Ag/AgCl 
AE is  the electr ical  poten- 
electrodes hF=hF(measured) - (VAgcl-VAg) Ap] 
In experiments i n  which only solvent fTow and total  solute flow 
(rather than separate and independent ionic flows) are measured, the descrip- 
t i o n  of the flux-force relationships reduce t o  equations (4a) and (4b) w i t h  
i = O .  
taining the osmotic pressure, IT, by Kedem and Katchalsky 
These equations have been transformed i n t o  the following form con- 
(1 3 9 1  4). 
Jv  = L p  [-(Ap - GAIT)] ( 5 4  
JS = o (-AT) + (1 - 0) Jv  c ~ , ~  
J v  = iw J, + VsJs 
(5b) 
where Jv i s  the total  volume transported: 
( 5 4  
- 
The solute term, VsJs, being relat ively small i n  most cases. An is the osmotic 
pressure o f  the r i g h t  side so lu t ion  minus the osmotic pressure o f  the l e f t  side 
sol u t i o n ,  
AIT = -A%/iw (5d) 
7 
c is defined by: 
S S M  
c Ax/ApS 
S S M  
For very di lute  solutions: 
where c '  and c" denote the solution concentrations on the l e f t  and r i g h t  
side of the membrane respectively. L i s  the hydraulic permeability, w the 
P 
solute pemneability and rs the reflection coefficient (8) * L p '  w and CT are 
of course related t o  the transport coefficients o f  equations (4).  For 
dilute solutions these relations are (74).  
Lvs cw 0 - 1  - 
LWV 's,M 
- 2  L = Lvv vw 
P 
( 6 C )  
Note tha t  the conductance coefficients, Lvs = Ls, and Lss,  are strongly 
dependent on the concentration profile i n  the membrane, which i n  turn 
depends on the bounding solution cqncentrations . L p ,  cs and w are  
claimed to  be much 1 ess concentration-dependent (15) . 
Another step i n  the phenomenological description of the transport pro- 
cesses is  the expression of the L-coefficients i n  terms of concentrations i n  
the membrane, E ,  and fpiction coefficients f i  (16! T h i s  f r ic t ion coefficient 
formalism is  independent of the reference frame chosen for  the fluxes (17) .
The coefficients f i j  appear i n  a system of equations based on an application 
of Stefan's basic model concept (I8) t o  membrane solution systems: 
Equation (7) is similar t o  the Stefan-Maxwell equations used extensively i n  
8 
the description of d i f f u s i o r ~ ( ~ ~ - ~ ~ )  and various kinds of 1 i q u i d  junction 
potentials(21 ! Onsager's reciprocity relations take the form (17).  
ci f = c .  f - - ,  i j  J J 1  
a relation which can also be derived us ing  a mechanistic approach(16! I t  i s  
sometimes advantageous t o  use reduced friction coefficients ( 1 7 9 22 1. 
J 
These reduced fr ic t ion coefficients are normalized fo r  the ' 'interactionw of 
one mole of i and one mole of j ,  and are usually considerably. less dependent 
on the concentration than the f i j ls .  
dependent of the concentration they can be used fo r  rough estimates of trans- 
port properties i n  systems for which no data are available. 
When cij values are assumed to  be i n -  
If necessary a 
further refinement can be obtained by assuming a certain concentration de- 
pendence of the reduced fr ic t ion coefficients based on a model or  theory of 
the transport process (20 . 1
I t  mus t  be k e p t  i n  mind that  the physical interpretation of f r ic t ion 
coefficients should be assessed cautiously. 
negative fr ic t ion coefficients i n  some systems shows tha t  f. . /c. can 
not be considered t o  represent only the fr ic t ion between one mole of i and 
one mole of j .  In many cases however (e.g. i n  gases and di lute  solutions) 
the fr ic t ion model gives a description which is i n  accordance w i t h  molecular 
models of the transport process. 
transport properties a t  uniform temperature of a membrane-sol ution system 
ei ther  of the se t s  of equations ( 3 ) ,  (4 ) ,  [or, for neutral sQlutes (5 a,  b ) ]  
o r  (7) may be used. 
For instance the occurrence of 
1J J 
For a complete characterization of the 
- .  
When the bounbing solutions consist of one non-electrolyte dissolved 
i n  water, three independent measurements are necessary (e.g. solute diffusion, 
9 
I 
osmosis and hydraulic flow). For a solution consisting of one electrolyte 
disznlwed i n  water. six independent transport measurements are needed (e.g. 
solute diffusion, osmosis, hydraulic flow, electroosmosis electromi- 
gration and conductance]. 
Several investigations have been reported i n  which a complete or almost 
complete set of measurements was performed. Lorimer, Boterenbrood and 
Hermans '12) measured electroosmosis , el ectromigration and membrane potential 
of a cation-exchange membrane i n  contact w i t h  KC1 solutions and checked the 
validity of Onsager's reciprocity relation. Bennion and Rhee (23) measured 
osmosis, s a l t  diffusion, transport number, hydraulic flow, hyperfiltration 
and electrical  conductance through cellulose acetate membranes of different 
- -  
density i n  contact w i t h  NaCl solutions. Conductance coefficients similar to  
the coefficients of equation (4],and f r ic t ion  coefficients [equation (7)] 
were calculated for  these systems. The authors found a strong increase of the 
fr ic t ion coefficients w i t h  increasing membrane density, except fo r  the fNa,C1 
which is  larger i n  the looser membranes. 
are dependent on the s a l t  concentration. 
increase very strongly w i t h  increasing s a l t  concentration i n  the t i g h t  tnem- 
brane, b u t  only slowly i n  the loose membrane. 
Except for  f a l l  coefficients 
and fNa,m f C l , w ,  fC1 , m ,  fNaSw 
w,m 
However, i n  the t i g h t  membrane, 
decreases w i t h  increasing s a l t  concentration whereas i t  increases i n  fNa,Cl 
the loose membrane. 
Kramer and S a ~ e r ( ~ ~ ) i n v e s t i g a t e d  the system ethylene glycol -methanol 
i n  contact w i t h  a cell  ulose membrane and measured diffusion permeabi 1 i t ies 
of the components , hydraulic flow and u l t ra f i l t ra t ion  over the whole concen- 
tration range of the mixture, and were able t o  verify Onsager's reciprocity 
relation fo r  this system w i t h i n  experimental error.  Kaufmann and Leonard (25) 
measured net volume transfer under a concentration and a pressure gradient 
and sol Ute transfer under a concentration gradient through a cellophane 
10 
membrane. 
In this investigation a correction was made for the mass-transfer resistance 
of the sol ution-membrane boundary 1 ayer. The corrected transport properties 
were converted to  conductance and f r ic t ion  coefficients, resulting i n  complete 
description of this membrane-solution system. 
number, electroosmotic water transport, s a l t  diffusion, osmotic flow and 
e lec t r ic  conductance for  a number o f  neutral membranes i n  contact w i t h  NaCl 
solutions. 
these systems. 
Glucose, sucrose and raffinose were used as solutes i n  water. 
Lacey (26) measured transport 
Both admittance and f r ic t ion  coefficients were calculated for  
In the investigations described above diffusion or  membrane potential 
measurements were combined w i t h  hydraulic flow and electromigration- 
electroosmosis measurements to  obtain a s e t  of phenomenological coefficients. 
An inherent problem i n  this k i n d  of set-up is the difference i n  concentration 
profile inside the membrane existing i n  different measurements. 
flow o r  electroosmosis-el ectromigration measurements , for  instancey are  per- 
Hydraulic 
formed w i t h  equal concentrations a t  each side of the membrane ( i n  electro- 
osmosis experiments a correction for  back diffusion is  made or  the experi- 
mental time is  short enough not to cause appreciable concentration changes). 
On the other hand, i n  a solute-diffusion/osmosis experiment a concentration 
difference i s  maintained between the two sides of the membrane and a certain 
concentration profile exists inside the membrane tha t  may be changed by b u l k -  
flow (27 928929). 
parameters, the s e t  of coefficients calculated from such experiments , which 
combine data from measurements w i t h  and without a concentration difference 
Because o f  the concentration dependence o f  the transport 
t ions,  contains inherent ambiguities. between the two boundary sol 
To avoid this problem 
tions five experiments, none 
t has been suggested (16) tha t  for  di lute  solu- 
of which would involve concentration differences 
11 
other than for species present i n  tracer quantit ies,  would be sufficient t o  
Characterize a system consisting of a h i g h  capacity membrane i n  contact w i t h  
a solution of one s a l t .  The experiments are "self-diffusion" ( t racer  d i f f u -  
sion) of co-ions and counter-ions, electrical  conductivity, electroosmosis 
and co-ion or  counter-ion transport number. These experiments are especially 
suited for  description by the fr ic t ion coefficient formalism. In order t o  be 
able to  calculate a s e t  of coefficients f i j  defined by equation ( 7 )  b o t h  the 
interaction o f  isotopes of one species d u r i n g  self  diffusion and the co-ion/ 
counter-ion interaction have t o  be neglected. Mackay and Meares (31 1 
carried out such an investigation for a cation-exchange membrane i n  contact 
(32) measured conductivity , w i t h  a NaCl solution. Scattergood and Lightfoot 
electroosmotic water transport, hydraulic flow and counter-ion tracer d i f -  
fusion ("self diffusion") for  a cation-exchange membrane in the Na+ and Ag' 
form, i n  contact w i t h  NaCl and AgN03 solutions respectively. These authors 
used low external s a l t  concentrations; the co-ion concentration i n  the 
-. . . -  - 
- 
( 3 2 )  
membrane was negligible. They calculated four f r ic t ion Coefficients i n -  
cluding the isotopic interaction coefficient. 
I t  is interesting t o  compare these results of transport measurements 
i n  ionic membranes w i t h  those of Kaufmann and Leonard (26) fo r  a neutral 
membrane i n  contact w i t h  a solution of carbohydrates a Scattergood and 
Lightfoot showed that  for  a cation-exchange membrane i n  contact w i t h  a 
di lute  AgN03 or  NaCl solution the coefficient f, 
c 
may be smaller than 
(33) and * Similar conclusions can be drawn from the work of George YW - 
+,m' I 
George and Schlai kjer(34) us ing  cation and anion-exchange membranes i n  
contact w i t h  di 1 Ute s a l t  solutions e [These authors measured conductivity , 
electroosmotic transport and used a rough' estimate for  the self  d i f fus ion  
coefficient of the counter-ion]. On the other hand, the results of Kaufmann 
*The subscripts i n  the f i j  have the following meaning: +=cation, w=water, 
m=membrane, s=solute. 
12  
and Leonard for a neutral membrane i n  contact w i t h  carbohydrate membranes 
show that  for a l l  three sugars used a s  solute fs, i s  much larger than fsm. 
Also fsw and fsm increase strongly w i t h  increasing s ize  of the solute mole- 
cules, while fwm remains relatively constant. These results are i n  accordance 
w i t h  expectations from the structure of ion-exchange membranes, which 
suggests tha t  the counter-ions are  located close t o  the matrix and interact 
strongly w i t h  i t  (16'28), whereas this is n o t  the case for  the transport 
membranes. In 
ations between 
and mol ecul a r  trans- 
. I  
of the uncharged carbohydrate molecules i n  loose, neutral 
these cases the experimental trends indicate useful corre 
the simple fr ic t ion model and elementary notions of ionic 
port t h r o u g h  membranes. 
In a recent ser ies  of papers,Meares and co-workers have measured trans- - 
port numbers(35) conductance and electroosmosis(36) and self  diffusion (37) 
us ing  a tracer method and maintaining constant and equal concentration a t  
each side of the membrane. 
NaBr, CsBr and SrBr2 solutions or mixed solutions of  these s a l t s ,  was used. 
Some of their results a t  low s a l t  concentrations were seriously affected 
A cation-exchange membrane, i n  contact w i t h  
by concentration polarization a t  the membrane-solution interface, 
especially when s a l t  mixtures were used. Their resul ts  again indicate the i m -  
portance of coup1 i n g  terms i n  the description of membrane transport pro- 
cesses and the potential usefulness of the fr ic t ion model for  such a descrip- 
t i o n .  
A problem associated w i t h  the measurement of transport properties of 
membranes is  the mass transfer resistance of the membrane-sol ution boundary 
layers. 
some k i n d  of solution agitation, b u t  quantitative information concerning the 
effect  of stirring on the transport measurements i s  scarce. 
In almost a l l  investigations reported a provision was made for 
O f  course this 
13 
influence will be more important for t h i n  or  highly permeable membranes; 
even for  the more compact ion-exchange membranes however, the boundary layer 
resistance can not always be neglected. 
their  carbohydrate diffusion measurements through cell  ophane for the boundary 
layer mass-transfer resistance by extrapolating the observed dialysis coef- 
f ic ients  t o  inf in i te  stirring speed. 
extrapolation s t i l l  accounted for  approximately 5% of the measured diffusional 
resistance. 
measurement of transport th rough  t h i n ,  neutral membranes. 
resistance of the diffusion layer can be calculated from f i rs t  principles for 
this geometry w i t h  an estimated accuracy of 1%. 
replaced the membrane by a Ag/AgCl electrode and calculated the boundary layer 
correction for  diffusion through an ion-exchange membrane from the experi- 
mental current-vol tage curves measured w i t h  this electrode a t  different 
Kaufmann and Leonard (25) corrected 
A t  the highest s t i r r ing  speed this 
Litt and Smith (38) used a rotating d i s k  membrane cell  for  the 
The mass transfer 
(32 1 Scattergood and Lightfoot 
stirring speeds. 
buted to  the membrane-solution boundary layer. 
that  diffusion layers a t  membrane-solution interfaces do not exhibit the same 
properties as a t  metal-solution interfaces, a1 t h o u g h  simp1 if ied transport 
About 15% of the observed diffusional resistance was a t t r i -  
I t  should be noted however, 
theories indicate complete analogy (39) . 
The d i f f icu l t ies  i n  obtaining a complete characterization of the trans- 
port properties of a membrane-sol ution system necessary for the prediction of 
the performance of a membrane under different conditions may be summarized as 
follows: 
All transport coefficients are expected to  be dependent on the solute 
concentration. Therefore uncertainties are introduced when concentration d i f -  
ferences are allowed to b u i l d  up or decrease d u r i n g  a measurement; only ap- 
proximate values of admittance or fr ic t ion coefficients are obtained i n  that  
case 
designed to solve this problem. 
The  "concentrati on-cl amp" method devel oped i n t h i  s research was 
Even when the bounding solutions are held constant, transport 
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coefficients may vary w i t h  the nature of the applied force, however, hence 
an experimental approach i s  necessary t o  evaluate the influence o f  this 
effect .  
I t  i s  necessary t o  have similar hydrodynamic conditions in the solu- 
tions in a l l  experiments in order t o  avoid influencing some properties by 
the boundary layer resistance and others not. 
When tracer diffusion methods are employed the. d i f f i cu l t i e s  w i t h  con- 
contrati on-dependent transport properti es can be avoided because a concen- 
t r a t ion  difference between the two sfdes of the membrane i s  not  necessary 
t o  perform an experiment. 
meters are introduced necessitating. approximations in the calculation of a 
se t  of f r ic t ion  or admittance coefficients. Moreover, the final results 
cannot easily be applied to  practical separation processes in which a concen 
However, in this  case additional transport  para- 
tration difference between the two sides o f  the membrane ex is t s ,  requiring 
a knowledge of the concentration dependence of transport coefficients.  In 
some systems the variation of f r ic t ion  coefficients (23 926 ,40) or reduced 
f r ic t ion  coefficients(41 942,43) with concentration has been measured. If 
such data are no t  available , defini te  assumptions about  the variation (or 
constancy) of the reduced f r ic t ion  coefficients with the concentration have 
t o  be made. 
I I1 THE "CONCENTRATION CLAMP" SYSTEM OF TRANSPORT MEASUREMENT 
In view of the problems mentioned i n  the l a s t  paragraphs an experimen- 
tal  set-up was developed which permits us t o  perform different  transport 
measurements on membrane-el ectrolyte solution systems w i t h  the same membrane, 
and with minimal change of the concentration prof i le  during the course of an 
*The authors t h a n k  Professor R. Caplan of Marvard Medical School for 
coining th i s  name for  the i r  method. 
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experiment. A1 1 membrane transport parameters are  obtained whi 1 e the mem- 
brane i s  bounded by the same s a l t  solutions (different l e f t  and r i g h t ) ,  
under the same hydrodynamic conditions. In this way,sets of experiments can 
be performed for  a series of concentration differences between the bounding 
solutions and the usefulness of 1 inear f l u x  equations containing transport 
parameters, which are average Val ues over a certain concentration profi 1 e 
can be eval uated. 
The Concentration Feedback Mechanism. In the system b u i l t ,  the s a l t  
concentrations of  the two solutions bounding the membrane are kept constant 
while s a l t  and water transport is  t a k i n g  place. T h i s  was achieved by intro- 
ducing concentration-feedback mechanisms i n  the enriched and depleted cel l  
compartments. The system diagram is shown i n  Figure 1.  Small conductivity 
probes (cell constant about 6 )  are introduced into the two half-cells sepa- 
rated by the tested membrane. The resistance of each probe i s  compared t o  a 
reference resistance, and the difference is monitored continuously by means 
of a 1605-AH grounded impedance comparator (General Radio Co. 
Large capacitors are inserted between one of the conductance probes and the 
West Concord, Mass) 
respective comparator t o  block the DC loop via ground between the two half 
cells,. 
both comparators, i n  order to  reduce an AC loop current through the membrane. 
One osci l la tor  only is used to  energize the measuring bridges of 
~ - I. 
The o u t p u t  voltage of each impedance comparator is  amplified and when 
the monitored resistance difference (between the reference resistance and 
the conductance probe) reaches a preset value, a feedback mechanism i s  
actuated by means of a relay system. A t  the depleted side of the membrane 
the re1 ay actuates an automatic m i  croburet (American Instrument Company 
Silver S p r i n g s ,  Md.) which injects concentrated s a l t  solution into the cel l  
compartment, until the resistance of the conductivity probe again f a l l s  
16 
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below the value of the reference resistance". 
relay actuates a small, magnetically coupled gear pump made of s ta inless  
steel  (Catalogue No. 7004-8, Cole Parmer Co., Chicago, I1 1 . ) *  This pump 
replaces the plast ic  centrifugal pump (Cole Parmer No. 7004-1) used i n  
ear l ie r  experiments. 
less s tee l .  
flow rates there i s  virtually no heat transferred to the liquid. 
pump i s  driven by a universal motor and can be operated a t  very low flow 
rates. I t  circulates a small part of the cell  solution through a mixed-bed 
ion-exchange column t o  remove s a l t  from the solution and stops when the 
column has taken up enough s a l t  to  decrease the solution conductivity t o  i t s  
i n i t i a l  value. 
calculated from changes i n  solution concentration, b u t  rather from the amount 
of s a l t  added by the buret or  removed by the column, together w i t h  the 
volume changes i n  the two compartments measured i n  capil laries connected 
to  each half-cell . 
and water transport rates are measured a t  both sides of the membrane. 
A t  the enriched side the 
I t  has "Teflon" gears i n  a body made of 316-stain- 
The internal volume is  very low (a few cc) and even a t  h i g h  
The 
T h u s  the amounts of s a l t  and water transported are not 
In order t o  ver4fy the mass balance, the s a l t  transport 
Normally the system is able to  keep the half-cell concentrations constant 
w i t h i n  0.03% over long periods. The maintenance of constant concentration 
depends on the temperature s t ab i l i t y ,  the rate of solution agitation i n -  
*The amount of concentrated solution, injected into the cell  by the 
automatic buret each time the concentration f a l l s  below the preset value, 
has to  be very small t o  minimize a concentration overshoot. T h i s  was 
achieved by inserting a mechanical recycling contact, which closes only 3% 
of the cycle time ( 2  seconds), between the relay and the variable trans- 
former used t o  slow down the buret motor. Thus  the buret motor can be 
operated a t  a sufficiently h i g h  voltage fo r  smooth operation while a low 
injection rate is  maintained. 
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side the half-cell s solution concentration, and the concentration o f  the 
solut ion i n  the microburet. The present apparatus has several demineral- 
i z i n g  columns i n  parallel .  
performed successively by switching the cell  -solution circulation from 
In this way different experiments can be 
\ 
one column to the other using shut-off valves made of 316 stainless s teel  
(RS-4, Whi tey Research Tool Company, Emeryvi 11 e Cal i f .  ) . By regul a t i  ng 
the two stainless steel  metering needle valves, F i g .  1 ,  (4Ls Nupro Company, 
Cleveland, Ohio) only a small amount of solution is  taken up from the cell,  
a1 though a f a i r ly  rapid circulation ra te  th rough  the ion exchange column 
is maintained. T h i s  arrangement ensures that  a t  any time the solution i n  
the resin column is very dilute, even i n  those regions where the resin 
is  a1 ready exhausted. 
The Membrane Transport Measurements Cell. The transport cel l  (Figure 
2 )  , used fo r  a l l  measurements, i s  a cylindrical two-compartment ce l l .  
consists o f  interchangeable cylinders and end parts,  clamped together by 
two'supporting steel  plates and steel  rods. "Buna N "  rubber gaskets are 
used as seals between the various parts. All parts were machined of 
I t  
"Lexan" (General Electric G o . ,  Plastics D i v . ,  P i t t s f ie ld ,  Mass.), a trans- 
parent polycarbonate plastic.  The cy1 inders have outer and inner diameters 
of 4.5 and 2.0 inches respectively. The end parts are 1.25 inches thick. 
The volume of each half-cell is approximately 200 cm A Ag/AgCl working 3 
electrode for  electroosmosis-electromigration experiments, Ag/AgCl potential - 
measuring electrode , vol ume measurement p i  pet, conductance probe thermistor 
for  temperature measurements and the in l e t  and out le t  for the concentration 
feedback mechanism are f i t t ed  into each half-cell by means of "Swagelok" 
(Crawford F i t t i n g  Company, C1 eve1 and Ohio) connectors. Magnetic "Spin- 
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F i n "  s t i r r e r s ,  3/4 inch diameter (Bel Art, Pequannock, N. J . ) ,  are located 
close t o  the membrane and are rotated a t  the same (adjustable) speed. 
The membrane is  sealed i n  the membrane holder by an O-ring a t  each side. 
Two 0.1 6 cm thick perforated membrane supports made of glassfiber- 
reinforced plast ic  are inserted i n  the membrane holder. 
reported here, each suppor t  had 130 holes of 2.78 mm diameter, reducing 
the membrane area t o  7.88 cm (but different supports can be used i f  
In the experiments 
2 
necessary). The transport cell  and the circulation system for  the demineral- 
izing column have been pressure-tested up t o  5 atm. All experiments can 
be' performed i n  the same c e l l ,  permitting a long r u n  o f  different trans- 
port measurements to be performed on one membrane sample without d i s -  
assembl i n g  the ce l l .  
The apparatus is  located i n  a r8om w i t h  coarse temperature regulation 
_. 
(20 - + 1OC). The cell  i s  located i n  an a i r  thermostat which is  maintained a t  
a t  25°C w i t h i n  0.1OC. 
- -  I .  - _. -- - . .... 
Cooling coi ls  inside each half-cell are connected 
to a constant -temperature circulation bath.  
temperature is measured by means o f  a glass embedded thermistor (Cat. 
No. 47 A13 Victory Engineering Company, Springfield, N. J . ) .  
temperatures are kept constant t o  5 0.01OC over the experimental periods. 
The temperatures i n  the two half-cell s agree w i t h i n  measurement accuracy. 
In each ha1 f-cell the 
Solution 
IV EXPERIMENTAL PROCEDURE 
The procedure described i n  this section is essentially the same 
i n  dial ysis-osmosi s , e l  ectromi gration-el ectroosmosi s or  hyperf i 1 t ra t ion 
experiments. 
water through the membrane causes concentration changes of the cell  solutions; 
In each of these experiments the transport of s a l t  and 
, 
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these changes are compensated by the feedback systems. 
The transport c e l l ,  described i n  the previous section, is assembled 
and f i l l e d  w i t h  deaerated and d i s t i l l ed  water. The autoburet, f i l l e d  
w i t h  a deaerated 3M NaCl solution, and the demineralizing system are 
connected t o  the ce l l .  The demineralizing system has four columns i n  
parallel which can be used one a t  a time. The columns are f i l l e d  w i t h  
cation exchange resin (H' form) and anion exchange resin (OH- form) 
(Amberlite IR-120 and Amberlite IRA-410 respectively, C .  P .  Mallin- 
ckrodt Chemical Works, New York),in the volume ra t io  of two parts anion- 
exchange resin t o  one part cation-exchange resin.  The anion-exchange 
resin was purified by very slow elution w i t h  a 0.5M NaOH solution 
(40 l i t e r  of NaOH solution for 500 g resin d u r i n g  one week) followed 
by rinsing w i t h  deionized water. To t e s t  the elution procedure used 
a f te r  each experiment, a 0.1M NaCl solution containing 3 mmoles NaCl 
was passed th rough  8 m l  of mixed-bed resin and then 
eluted again w i t h  100 ml 0.5M NaN03 so lu t ion .  The amount of chloride 
present i n  the eluant was determined by argentometric t i t ra t ion  and 
agreed w i t h i n  analytical error (0.2%) w i t h  the amount of NaCl orlginal- 
ly passed through the column. 
A t  the s t a r t , t he  cell i s  f i l l e d  w i t h  deaerated and d i s t i l l ed  water 
only, and in i t i a l  volume changes are allowed t o  reach a.steady, low rate.  
Calibrated capi l lar ies  (0.2 m l  total  volume) are connected t o  each half- 
cell t o  reg is te r  volume losses caused by leakage, water absorption of the 
"Lexan" p las t ic ,  slowly dissolving a i r  bubbles and other error sources. 
These losses can be as  high as 10 t o  20 x los3 cm3/hr from each half-cell 
during the f i r s t  hours. After several days, this ra te  decreases t o  less  
than los3 cm3/hr on the autoburet s ide and about 2 x lom3 cm3/hr a t  the 
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side of the demineralizing system. 
i s  reached, solid NaCl is added t o  each half-cell until the solution 
concentrations are 'c lose t o  the desired values. This i s  checked by mea- 
suring the resistance o f  the conductivity ce l l s  inserted i n  each half-cell .  
Then addi t iona l  small amounts of deaerated 3M NaCl solution or deaerated 
d i s t i l l ed  water are added t o  reach the desired concentration w i t h i n  0.2%. 
The f inal  correction i s  made by operating the feedback mechanism. 
When th is  constant, low leak ra te  
This rather elaborate s t a r t i ng  procedure i s  necessary i n  order t o  
be able t o  measure the "leak" rate  for each half-cell i n  the absence of 
osmotic flow. 
system can now be l e f t  for long periods under the desired concentration 
gradient, which is maintained by the feedback mechanism. 
time the largest  of the four demineralizing columns , designated as 
"clean up column", i s  used. When steady s t a t e  i s  reached, a switch-over 
is made t o  a smaller column, and from t h a t  moment on the transport 
In order t o  ensure the attainment of steady s t a t e  the 
During this 
properties are measured. 
Volume changes dur ing  an experiment can be measured by ei ther  
of two methods. The first i s  t o  attach long capi l lar ies  t o  each half- 
cell  and regis ter  the displacement of the l i q u i d  meniscus. Disad- 
vantages of th i s  method are the low capacity of capi l lar ies  of reasonable 
length and diameter and,  i n  our case, the necessity of opening the con- 
s tant  temperature box every time a measurement has t o  be made. 
should be possible, howevero t o  modify our apparatus for cathetometric 
observation of the meniscus from the outside o f  the constant-temperature 
box). The second method i s  t o  col lect  the overflow of one cell com- 
partment in a calibrated graduated cylinder ana weigh the tcltal amount 
( I t  
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of solution collected d u r i n g  an experiment. A t  the same time a capil- 
lary connected to  the other half-cell d i p s  into a weighing bottle f i l l e d  
w i t h  a pre-weighed quantity of solution and sucks this solution into the 
half-cell . 
periment can be determined very accurately; while the experiment is  i n  
progress, the rate o f  volume transport can be followed ( w i t h  moderate 
accuracy) only for  the volume-accepting c e l l ,  where the solution i s  
collected i n  a calibrated cylinder. 
believed to be more accurate in experiments w i t h  low volume transport, 
the second i n  experiments w i t h  moderate and h i g h  volume transport. 
second method was used i n  most experiments reported here, because the 
vol m e  transport was appreciable. 
W i t h  this method the total  volume transported dur ing  an ex- 
In general, the f i r s t  method is  
The 
Before and a f t e r  each experiment, solution samples are taken to  
check the correct operation o f  the feedback system and the resistance 
measurements. Yo s t a r t  the measurements a f t e r  the system has reached 
steady s t a t e ,  the ''clean up column" is  closed and one o f  the other three 
col umns is opened a Temperature, resistance of the conductivity cel l  s and 
the volume reading o f  the autoburet are recordeds together w i t h  e i ther  the 
position of the meniscus i n  the capillaries or the weight of the empty 
graduated cylinder and the f i l l e d  weighing bott le (depending on which 
method i s  used for the measurement of volume transport). 
periment the same readings are made a t  regular time intervals,  except 
the weights o f  the gr uated cylinder and the weighing bottle which are 
determined only a t  the beginning and the end o f  each experiment. 
When enough s a l t  and water have been transported the experiment is  terminated; 
solution temperatures, conductances and autoburet volume are measured, 
the demineral i zi ng col umn i s i sol ated 
During an ex- 
the graduated cy1 i nder and the 
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weighing bot t le ,  which now contains less  solution than before the experi- 
ment are weighed. In the next section the method for obtaining the actual 
s a l t  and volume transport from these data is  presented. 
Between different  experiments the feedback system keeps operating us- 
i n g  the "clean up column"e 
formed w i t h o u t  disassembl i n g  any pa t o f  the system. When a l l  columns have 
been used they are disconnected and the i r  s a l t  content is eluted w i t h  a de- 
aerated 0.5M NaN03 solution. 
bles form i n  the column during the elution process). The amount of chloride i n  
the eluant of each column is  determined by t i t r a t ion .  After certain correc- 
tions described i n  the next section are applied, the amount of s a l t  transported 
th rough  the membrane can be calculated from the da ta  of each half-cell separate 
l y ,  permitting an internal check on the r e l i a b i l i t y  of each experiment by mass 
bal ance e 
In this way three experiments i n  a row can be per- 
( hen the NaN03 sol t i o n  is no t  deaerated bub- 
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Cal cul ation of Volume and Sa l t  Transport 
Notation and Symbols 
concentration mol e cmm3 
total  e lectr ical  current, amp 
moles of s a l t  injecte  by autoburet mole 
s a l t  correction for  concentration change of solution male 
sal t uptake o f  demi neral i z i n g  col 
rection for  change of volume o f  electrode, mole 
s a l t  transport i n  time t, mole* (see footnote a t  end o f  table)  
rectian fo r  change of volume o f  solut ion,  mole 
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- 
V 
"Bu 
';U 
'e 
'hc 
'L 
'L 
'meas 
't 
P 
Bu 
partial  molar vo1ume, cm3 mole-' 
volume ejected by autoburet, cm 3 
volume change o f  solut ion due t o  injection of V B u ,  cm 3 
volume change o f  electrode caused by current passage, cm 3 
volume loss from half-cell (leakage), cm 3 
ra te  of volume loss, cm 3 sec-l 
3 volume o f  half-cell , cm 
total  apparent volume change measured i n  capillary or by 
weighing, cm 3 
3 volume transport* in time t, cm 
densi ty , g cm-3 
density of autoburet solution, g emm3 
3- Faraday's constant, coulomb mole-' 
Superscripts I and I' refer  t o  sal t-accepting and salt-donating half-cells 
respectively. 
*Transport i n t o  a half-cell is taken positive, o u t  of a half-cell negative. 
V.B.  CakUlation o f  the Volume Transport 
The total  apparent volume change of the solution i n  a half-cell 
(Vmeas) ,  is calculated from the posit ion change o f  the liquid meniscus 
i n  the capillary,  or from the weight 'change o f  the solution in the weighing 
bottle (decreased volume side) and the amount of solution collected in the 
graduated cy1 inder (increased volume side). 
tween i n i t i a l  and final volume, and can be positive or negative. 
Vmas i s  the difference be- 
For each 
half-cell certain corrections have t o  be applied t o  V,,, t o  obtain the 
volume transported through the membrane during the experiment. Different 
corrections are  necessary for the autoburet (sal t-depleted) side and the 
demineral i z i n g  (sal t-enriched) side. 
V.B.1 Volume Transport Calculation for the Sal t-donar Half-cell 
To calculate the volume transported through the membrane, Vi, 
from the da ta  for the half-cell containing the sal t-donating s o l u t i o n ,  
the following three corrections have t o  be made. 
a )  During the experiment the autoburet injects a volume VBu 
of a solut ion,  w i t h  NaCl concentration cBU, i n t o  the half- 
ce l l .  
diluted t o  the lower s a l t  concentration of the solution 
i n  the half-cell.  This d i l u t i o n  process takes place a t  
constant cell  solution concentration because of  the simul - 
taneous s a l t  and water transport through the membrane. 
Conservation of mass yields : 
This concentrated s a l t  solution expands when i t  i s  
v = p" viu pBu Bu 
where Viu is the volume increase of  the cell solution 
a f t e r  injection o f  VBu. Hence: 
V i u  has t o  be subtracted from V i e a s .  
b )  In an experiment i n  which an e lec t r ic  current is passed be- 
tween the two Ag/AgCl electrodes the volume o f  each electrode 
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changes because of the electrode reaction: 
ca thodi  c 
anodic 
Ag (solid) t C1- (solution) __t AgCl (solid) t e- .+ 
The volume change of the electrode, V e ,  caused by this reaction 
i s  given by: 
where + stands for the anodic reaction and - for the cathodic 
reaction. In most cases 
the anodic reaction will take place a t  the electrode i n  the 
salt-donor half-cell ,  b u t  th is  i s  no t  always so (e.g. when the 
decrease i n  s a l t  concentration caused by the electrode reaction 
and Na' transport through the membrane i s  smaller than the 
increase i n  s a l t  concentration caused by d i f fus ion  from the 
other ha1 f-cel l )  . 
V i  has t o  be subtracted from V i e a s  
* 
c)  The apparent leakage from the half-cell , ViI measured prior t o  
an experiment has t o  be added t o  V i e a s :  
v; = y.t (3)  
3 where V[ is the leak ra te  i n  cm /sec and t the time of the 
experiment. 
Taking these factors into account the corrected volume transport 
through the membrane, as calculated from the data for the salt-donor ha l f -  
ce l l ,  then becomes: 
* The term "leak" is used for the observed reduction of total solution 
volume; th i s  is n o t  necessarily due t o  real leaks. Water absorption by 
the plast ic  has the same effect .  
28 
V.B.2. Volume Transport Calcu lat ion f o r  the  Sal t-acceptor H a l f - c e l l  . 
The fo l l ow ing  correct ions have t o  be made t o  W i e a s  o f  the s a l t -  
accepting (demineral iz ing system) h a l f - c e l l  . 
a )  The demineral iz ing process i n  the  mixed-bed ion  exchange 
column i s  caused by the react ions:  
Re-OH- + C l -  --+ R+-C1- + OH- 
H+ + OH- - H20 
where R stands f o r  the i o n  exchange res in .  
experimental set-up (Fig. 1)  the r e s i n  i s  i n  contact  w i t h  
a NaCl so lu t i on  o f  very low concentrat ion; dur ing the  per iod 
necessary t o  demineral ize 0.05 m l  o f  c e l l  so lu t i on  the water 
i ns ide  the  demineral iz ing system (more than 20 m l )  i s  c i r -  
cu la ted through the column several times. 
t h a t  under these circumstances the  volume change o f  the  whole 
system, caused by the demineral iz ing process i s  small com- 
pared t o  the volume t ranspor t  through the  membrane. 
Because o f  the 
It may be assumed 
b) As i n  the  case of the  sa l t -accept ing h a l f - c e l l  
f o r  the  volume change o f  the  e lect rode i n  an experiment w i t h  
an e l e c t r i c  cur ren t  has t o  be subtracted from VrC,eas: 
the cor rec t ion  
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Again + stands for the anodic reaction 
reaction 
nd - for  t h  thodic 
c )  The leak rate  ii (normally around 2 vl/hr)  has t o  be added t o  
v; = v;.t (3 )  
Taking these three factors into account, the expression for  the 
volume transport through the membrane, as calculated from the data for 
the sal t-enriched ha1 f cell  becomes : 
The following total  MSS balance should hold within experimental 
error: 
In most experiments the deviations from this  relation were less t h a n  
50 microliter. T h i s  deviation i s  not dependent on the total volume trans- 
por t  dur ing  an experiment and is  believed t o  be caused by experimental 
errors e 
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V.C.  Calculation of the S a l t  Transport 
The concentration feedback mechanism keeps the s a l t  concentrations i n  
each half-cell constant w i t h i n  narrow limits. Thus the main factors i n  
calculating the s a l t  transport are the quantity of s a l t  injected by the 
autoburet fo r  the sal  t-donor half-cell , and the sa l t  uptake by the de- 
mineralizing column fo r  the sal t-acceptor half-cel l .  The expressions 
for  the corrections necessary t o  obtain the actual s a l t  transport from 
these numbers are the same for  the two half-cells. 
The  amount of s a l t  (in moles) injected by the autoburet is given 
by : 
- 
'Bu 'Bu 'Bu 
is determined analytically w i t h  about 0.1% accuracy. The autoburet 
VBu 
'Bu 
wzs calibrated w i t h  water. 
found to  be accurate t o  50.1% i n  wr  experiments. The NaCl uptake by the 
column, ncol is determined analytically by e l u t i n g  the column w i t h  0.5M 
NaN03 and determining the chloride content i n  the eluant. 
ab i l i ty  of this process is  20.2%. 
as read from the d i g i t a l  d i a l ,  was 
The repeat- 
The following corrections have t o  be applied t o  nBu and ncol t o  
obtain n; and n i 9  the s a l t  transport calculated from the salt-donating 
and accepting ha1 f -cell s respectively. 
a )  A1 though the concentration feedback system keeps the concen- 
trations of the solutions accurately constant, small deviations 
(normally less  than +0.03%) do occur. The temperature con- 
stancy is +O.Ol"C,  approximately equivalent t o  a change 
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i n  solution conductance of +0.02%. Another factor is  the 
overshoot o f  the feedback system, which is normally 0.01% to  
ei ther  side,  a1 though larger overshoots sometimes occur. 
Even these small differences between in i t i a l  and final con- 
centrations, or  between any two times of measurement, do 
constitute a small correction factor i n  the s a l t  transport. 
This correction, nc,  has to  be subtracted from nBu o r  ncol :  
where vhc i s  the total  volume of the half-cell ; cf and ci 
are the final and in i t i a l  concentrations respectively. Since 
the total  s a l t  transport, n t ,  is normally o f  the order of 2-5 
mo le  and vhc2200 m l ,  i n  a 0.5M solution nc can be as much as 2% 
of nt. Although vhc is only known approximately, due t o  the 
various connections, t u b i n g  and capi l lar ies  ,even an error of 
20 m l  i n  vhc would change the s a l t  transport by only 0.2% a t  max- 
imum. nc has to  be subtracted from nBu o r  ncol. The method 
for  calculating the solution concentrations from the tempera- 
ture and resistance readings i s  given i n  Section V . D .  
b )  The volumes o f  the solutions i n  the two half-cells change dur ing  
an experiment because o f  the s a l t  and water transport. This 
volume change causes a correction 'in the s a l t  transport, nv .  
The registered volume change i n  the capillaries or  weighing 
bottles , V,,, i s  not the actual change i n  volume o f  the 
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solution. A correction to  V,,, has to  be made for  the 
volume change of the electrodes when an e lec t r ic  current is 
passed: 
nv includes the s a l t  ' ' lost" from each half-cell by virtue o f  
the small volume leakage term. 
c ia l ly  i n  hyperfiltration experiments nv  is a sizeable cor- 
rection factor.  For a 0.5M solution, as used fo r  the h i g h -  
concentration solution, i t  may be as much as 40% of nt. 
Since Vmeas and c '  o r  c" are  known accurately, the possible 
error i n  nv is less than 0.5%. 
In dialysis-osmosis, and espe- 
Taking these factors into account, the equations fo r  the s a l t  
transport become : 
a t  the sal  t-depleted (autoburet) side 
- 
-n: = V c - V{c ( c ' I - c " )  f i  - c I I [ V ~ ~ ~ ~  -(+(VAgC1 -v Ag ) . I . t . P ) ]  (11) Bu Bu 
and a t  the sal  t-enriched (demineralizing system) side 
As for  the volume change, the l a s t  terms o f  the r i g h t  hand side of equa- 
tions (11) and (12) are positive for  an anodic reaction and negative fo r  
a cathodic reaction. 
experimental error. 
In eath experiment n i  should be equal to -n: w i t h i n  
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Equations (4),  (6) ,  (11) and (12) enable us t o  calculate the 
s a l t  and volume transport through the membrane for each half-cell separate- 
ly. They hold for a l l  transport experiments. Normally one o f  the two 
half-cells gives a more accurate resu l t  than  the other, dependent on the 
amount transported, the solution concentrations and the various experi - 
mental errors.  Even so, the system always enables us t o  make an internal 
check on the r e l i ab i l i t y  of  the results.  
V.D. The Measurement of Minor Concentration Changes During an Experiment 
Before and a f t e r  each experiment a sample of each solution i s  taken 
t o  determine the NaCl concentration. A t  the same times, and a t  regular 
intervals dur ing  the experiment, the electrical  resistance and tempera- 
ture of the two solutions are measured. 
The estimated error of the chloride t i t r a t i o n  is  less t h a n  0.2%. 
This i s  not accurate enough t o  detect the small variations i n  concen- 
t ra t ion ,  usually less t h a n  0.05%, o f  the cell  solutions between two 
measurement times. Therefore the resistance measurements are used t o  
calculate the correction for these concentration differences (Section 
V.C. ,  a ) .  Since only concentration changes appear i n  th i s  correction 
factor a l l  changes are  measured relat ive t o  the i n i t i a l  concentration 
which is determined by t i t r a t ion .  Temperature and concentration vary dur- 
i n g  an experiment and both variations influence the measured resistance 
o f  the solution. To calculate the concentration of the solution relative 
t o  the i n i t i a l  concentration, fqrst the measured electrical  resistance 
o f  the conductivity cell  i s  corrected for the temperature variation. 
In th i s  w a y  a l l  resistances are reduced t o  a standard temperature 
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(25.00"C for experiments a t ,  or close t o ,  th i s  temperature). Then the 
changes i n  resistance, a t  25"C, are converted i n t o  concentration changes 
using 1 i terature data for the concentration-conductance relationship. 
Differences i n  temperature of as l i t t l e  as 0.002"C can be detected, 
using a thermistor (70,000 Ohm, a t  25"C, 4.4% resistance change per "C) 
and a d.c. resistance bridge. The resistance of the conductance cell 
i s  measured relat ive t o  a fixed standard resistance, w i t h  a repeatabil- 
i t y  of +0.005%. For each temperature T, the resistance o f  the con- 
ductance c e l l ,  RT, and the resistance o f  the thermistor a t  this tempera- 
ture,  rT are recorded. 
i s  calculated f r o m :  
1 
The resistance o f  the conductance cell a t  25°C 
where R25 and rZ5 are the resistance of the conductance cell and of the 
thermistor a t  25°C respectively. a T / W  and r25 of each thermistor are 
1 aR, 
determined by cal i bration agai nst a standard thermometer. i:(.aT', be- 
1 C 
tweer 1% and 25°C is 0.0206 OC-'  for a 0.5M NaCl solution and 0.0214°C-1 
for  a 0.1M NaCl solution. 
The temperature control mechanisms reduce the difference between RT and 
R25 generally t o  less than 0.02%. 
For a 0.5M NaCl so lu t ion  RZ5 i s  around 120 Ohm. 
Once this temperature correction is made the concentration 
differences are obtained from R25 and l i t e ra ture  data for the specific 
conductance, K. The specific conductance, K f ,  of the final solution 
w i t h  unknown concentration cf ,  is calculated from the measured 
sistance of the f ina l  so lu t ion ,  a t  25"C, R f s  the resistance of 
re- 
the 
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i n i t i a l  solution, Ri and the known specif ic  conductance of th i s  so- 
lution, K~ by: 
Kf = R i ~ i  / Rf 
Finally the concentration of the f inal  solution, c f ,  is  obtained from 
using conductance tables. Kf '  
This procedure is  followed fo r  each measurement point o f  an ex- 
periment. A t  the end o f  the experiment a concentration sample is taken 
also. Titration o f  the in i t i a l  and f inal  samples should yield resuTts i n  
agreement w i t h  the calculation from resistance measurements. 
VI. RESULTS 
The instrument t h a t  has been developed i s  being used for character- 
ization measurements of membranes in contact with different s a l t  solutions. 
Some prel iminary experiments were described in the f i r s t  annual report, 
and the results o f  the f i r s t  complete se t  o f  measurements will be presented 
in one of the following quarterly reports. 
o f  some standard t e s t  procedures for  the f i r s t  membrane used i n  our 
investigations are described, and the preliminary transport experiments 
are summarized. 
In the following the results 
VI .A. Membrane Characterization 
The f i r s t  membrane tested was the AMF C-103 (American Machine and 
' Foundry Co e ,  Springdal e Conn. 1 cation-exchange membrane. T h i s  is a 
polyethylene-styrene graf t  copolymer wi th  sulfonate as active group. 
Samples with batch number 63-3 were used. Thickness, wet weight, ion- 
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exchange capacity and water content determinations were done following 
standard t e s t  procedures (U.  S. Office of Saline Water, Research and 
Development Report No. 77) .  
The following procedures were used: 
1 )  Equilibration w i t h  H'. (Procedure 202.1). The samples are 
shaken with 1 N HC1 solutions d u r i n g  48 hours; the HC1 i s  changed several 
times. Then the samples are shaken with three changes of deionized water. 
2)  Thickness, H+ form, (procedure 401.1). Thickness of the samDle 
was measured using a micrometer w i t h  a 1/4" d i a .  anvil. 
sample was quickly blotted with f i l t e r  paper and the thickness was mea- 
sured a t  a t  l eas t  8 locations of the sample. Color differences between 
different samples corresponded with differences in thickness, the darker 
samples being u p  t o  10% thinner. 
used in the following t e s t s  and will be used for the experiments. The 
uniformity i n  the thickness o f  these samples i s  - + 1.5%. 
The membrane - -- 
Only the l ighter  colored samples were 
3) Wet weight,  H+ form (procedure 412.1). The membrane sample i s  
taken o u t  o f  the water, quickly blotted w i t h  f i l t e r  paper and p u t  into a 
stoppered weighing bottle.  
times for  each sample. 
ruler. 
0.4%, the standard deviation between the 5 samples used was 0.5%. 
The measurement i s  repeated a t  l eas t  four 
The area of each sample i s  measured with a steel  
Repeated measurements for one sample had a standard deviation of 
Results 
are 
The 
dry 
2 '  expressed as weight per cm . 
4) Ion-exchange capacity , conversion t o  Na+ form (procedure 502.1 ). 
samples i n  the H+ 
250 m l  Erlenmeyer 
form are blotted w i t h  f i l t e r  paper and placed i n  a 
f lask.  200 ml of a standardized solution of 0.1 N 
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NaOH i n  5% NaCl is added and the Erlenmeyer i s  closed w i t h  a rubber 
stopper. 
standardized 0.1 N HC1 i s  added t o  each one and the excess HC1 is t i t r a t ed  
w i t h  0.1 N NaOH, u s i n g  phenolphtalein as indicator. Results are express- 
ed i n  meq. per gram wet H form and meq. per crn2 wet H form. 
After six hours shaking,30 ml aliquots are taken out!, 30 m l  
+ + 
5)  Thickness, Na+ form. The same procedure as for  the H+ form is  
used e 
. . . .  
6)  Wet weight ,  Na+ form. Same as H+ form, repeatabi l i t ies  are 
s i  m i  1 ar. 
7 )  Water content, Na' form (procedure 412.1). The wet weight of 
two membrane samples i n  the Na+ form were determined. The membranes were 
placed i n  a vacuum oven and dried under vacuum, u s i n g  an o i l  pump, a t  5OOC. 
Weighing and drying of the membranes was repeated u n t i l  a constant weight 
was obtained. Results are expressed as per- 
cent water of wet weight  (Na' form). 
samples were 19.0 and 19.2 weight percent respectively. 
T h i s  only took a few hours. 
The water contents for  the two 
The resul ts of these determinations are gi  ven bel ow 
TABLE I. 
E q u i  1 i b r i  um Membrane Properties 
Membrane: AMF C-103, batch number GJ-3 
H+ Form Na+ Form 
Thickness (mm) 0.178 - + 0.003 0.175 - + 0.003 
Wet Weight (g/cm2) 0.01815 - + 0.00010 0.01784 - + 0.00015 
Water Content (%) 19.1 - + 0.1 
Capacity 1.18 - + 0.01 meq/gram wet H+ Form 
or  
0.0214 - + 0.0002 meq/cm2 wet H'Form 
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These results are i n  reasonable agreement w i t h  the measurements of Kawabe, 
Jacobson9 Miller and Gregor (44 1 e 
VI . B  Preliminary Volume and Sa l t  Flow Experiments 
Extensive "leak" testing experiments have been carried o u t  i n  the f i r s t  
months covered by this report. Because o f  the low flow rates expected for 
the ion-exchange membranes under pressure and/or osmotic forces, only very 
low volume losses can be allowed. The term ''leak" covers diverse losses, 
as discussed i n  Section IV. 
In most osmosis-dialysis o r  hyperfil tration experiments, flow rates 
between 10 and 100 pl/hr are expected fo r  the membrane area of approximately 
7.8 cm exposed, 
and constant i n  time w i t h i n  lo%, an error i n  the flow rate  determination 
of less than 1% is  introduced i n  the leas t  favorable case. 
2 T h i s  means tha t  i f  the leak rate  i s  lower than 1 pt/hr*, 
Prel iminary electroosmosis-electromigration experiments were described 
i n  the Annual Report (November, 1969). 
cation-exchange membrane (American Machine and Foundry Company, Springdal e 
Conn,) $ bounded by 0,2 M and 0.05M NaCl solutions the transport number of 
Na' is between 0.98 and 1 .OO. The water t r  nsport number was found to  be 
about 7.0 moles o f  H20 per Faraday transported. 
are i n  good agreement w i t h  l i t e ra ture  
hyperfil t ra t ion experiments were performed i n  order to  determine the 
constancy of the leak ra te  i n  time and t o  check the possibility of cor- 
I t  was found that  for  the AMF C-103 
These preliminary results 
Low-flow osmosis and 
recting the observed volume flows for  the leak ra te  as measured i n  advance. 
In a typical experiment, w i t h  c '  = O.1M NaCl and c" = 0.08M** NaCl the 
11 i l  i ter ** 
Primes and double primes denote properties on l e f t  and r i g h t  side respec- 
tively. Positive flow is from l e f t  t o  r i g h  
- . *  
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following results for the volume flow (measured a t  the low-pressure side) 
were obtained: 
p" - p '  2 Ap = 0 atm. Jv  = -5.21 - + 0.05 p l /h r  
J v  = -1.2 - + 0.10 pl/hr 
Jv  = +3.0 - + 0.20 pl/hr 
Jv - 6 . 9 4  - t 0.20 pl /hr  
Ap = -0.48 atm. 
Ap = -0.98 atm. 
Ap = -1.49 atm. 
From these figures we can calculate the hydraulic permeability of the 
AMF C-103 membrane i n  contact w i t h  these NaCl solutions. The resul t ,  
LD=(2.8 - + 0.3) x lom6 cm Joule-' sec-' i s  i n  reasonable agreement w i t h  4 
previous experience (32) 
A number of preliminary dialysis-osmosis experiments ( i  .e. transport 
experiments without imposition of a hydraul i c  pressure head) have a1 so 
been carried out. The diffusional permeability, Ks, defined by Ks 
(c" - c ' )  was found to  be strongly dependent on the history of the membrane. 
J s /  
I t  decreased a f t e r  a d.c. current had been passed through the freshly 
equilibrated membrane b u t  soon reached a reasonably constant value. After 
a hydraulic pressure difference had been applied across the membrane the 
diffusional permeability again decreased sharply. For these reasons 
standard pre-treatments should be given to  membranes used i n  transport 
experiments. 
Some more recent resul ts  w i t h  membranes subjected to more extensive 
pretreatment are presented i n  the next section. A complete s e t  of measure- 
ments will be reported i n  forthcoming progress reports. 
VI. C. Dialysis-osmosis and el ectromi gration-el ectroosmosi s experiments 
Results for  the s a l t  flow and volume flow i n  a dialysis-osmosis 
experiment and fo r  the apparent total  s a l t  flow and the volume flow i n  
an electromigration-electroosmosis experiment are presented i n  Figures 
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P 
3 and 4. 
i n  the 0.5M NaCl/AMF C-103/0.1M NaCl system. The figures describe the s a l t  
and volume flow calculated from the data measured on the h i g h  concentration 
(0.5 M NaC1) side. The microburet added s a l t  t o  this half-cell i n  b o t h  
experiments; i n  the e lectr ical  experiments the Ag/AgCl electrode i n  this 
These experiments are part of the ser ies  of measurements performed 
2 half-cell was the anode. The membrane area (7.88 cm ) is  the area exposed 
t o  the solution by the holes i n  the plast ic  supports. 
In the dialysis-osmosis experiment the s a l t  f lux was found t o  be: 
= + (1.23 - + 0.06) x lo-' mole cmm2 sec-l ,  and the volume flux 
= - (2.27 - + 0.05) x 
JS 
J V  
cm sec-l. Flow from l e f t  ( h i g h  concentration 
Volume flow side) t o  r i g h t  (low concentration side) is counted positive. 
as calculated from the two compartments agrees t o  2 1.5%. A larger deviation 
for  the s a l t  flow was found: 
low-concentration side gave a value for  the s a l t  flow 10% lower than the 
elution o f  the demineralizing column a t  the 
rate  cal cul ated from the high-concentration side. 
are obtained from a ser ies  of individual measurements rather than from one 
Since these 1 a s t  data 
measurement, the data fo r  the salt-donating side are  used here f s r  the 
calculation of the s a l t  flow and the single value obtained from the s a l t -  
accepting side is  used as an "order of magnitude" check. For the volume 
flow, the average of the two rates calculated for each half-cell is  used. 
In this experiment concentrations were constant t o  - + 0.01% a t  bo th  sides. 
The temperature variation was less  than - + 0.01OC. 
In the electromigration-electroosmosis experiment a current density 
Electromigration and diffusion of 2.000 - + 0.001 mA cmm2 was maintained. 
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caused s a l t  flow i n  the same direction, viz.  from l e f t  t o  r i g h t .  A total  
apparent s a l t  f lux Js = + (21.5 - + 0.6) x lO-’mole cm-‘ sec-l, and a 
volume f l u x  (corrected for the change i n  volume of the electrode) 
= + (2.26 - + 0.05) x lom6 cm sec-’ were found. The current density of J V  
2.000 mA 
assume the diffusional flow o f  sa l t  i n  the dialysis-osmosis and i n  the 
electromi gration-electroosmosis experiment t o  be exactly the same, we 
can calculate the transport number of the positive ion:  
corresponds t o  20.73 x lo-’ Faraday cm-‘ sec-’ . I f  we 
= (21.5 + 0.6) - (1.2 t O . l ) ,  o r  t = 0.98 - + 0.04. Na+ - Na+ 
20.7 
I t  i s  believed tha t  the actual accuracy is  better than the maximum error 
indicated. 
o f  2 1%. 
i n  the two experiments are add i t ive  should be verified experimentally . 
T h i s  could be done by performing two electromigration experiments, one 
w i t h  the positive current i n  the direction o f  the diffusional s a l t  flow 
and one w i t h  the positive current i n  the opposite direction. Our apparatus 
will enable us t o  perform these experiments and an attempt i n  this 
direction will be made during the forthcoming contract period. 
Subsequent experiments showed a repeatabil i ty o f  this value 
The validity of the assumption tha t  the s a l t  flows measured 
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